INTRODUCTION
Formulation of the concept of impact interactions between cosmic bodies of the Solar System and the understanding of the fundamental geological role of these interactions, is one of the most important achievements of natural sciences during the last century. These interactions are not only responsible for the surface morphology of most solid planets, but ultimately caused their origin and exerted important influences on their evolution (French 1968; Shoemaker 1977; Melosh 1989) . The peculiarities of accretion processes and their consequences for the early stages of planet formation are not yet well understood, although different models have been proposed during recent decades (Grieve 1980; Ryder 1990; Glikson 2001) . Undoubtedly these processes, in particular accretion, are responsible for the formation of a planet's interior structure, composition of solid, liquid and gaseous shells, and the geological processes of the inner planets. The impacts of small cosmic bodies on the outer solid shells of planets are much better studied. These impact processes started immediately during the origin of the planets and continued throughout their evolution.
The velocity, mass, density and composition of the projectile constitute intrinsic controlling factors in the impact event. The energy of the ensuing impact event is determined by velocity and mass. In the case of a collision between a meteoroid and planet, the gravitational acceleration of the planet, and the composition and structure of its outer shells constitute extrinsic factors. Both the intrinsic and extrinsic factors of individual impact events, as well as the prolonged cumulative result of the influx of cosmic bodies during geological time (Neukum & Ivanov 1994) , create the surface appearance of most solid cosmic bodies (Figure 1) . Numerous impact structures, or astroblemes (Dietz 1963) have been discovered on the Earth's surface during the last few decades, both on continents and continental shelves (Grieve & Pesonen 1996; Grieve & Therriault 2004) . As a direct result, the study of impact structures has developed as a specific branch of geology. Pioneers in this field included famous natural researchers of the last century such as Robert Dietz and Eugene Shoemaker, who made a valuable contribution to the scientific study of the geological consequences of the interaction between the Earth and space. The data obtained from specific regions has been summarised, among others, by Koeberl (1994) , Glikson (1996) , Masaitis (1999) , Abels et al. (2002) , Dence (2002) and in the present issue. Although significant results have been achieved, the geological exploration of terrestrial impact structures continues, and many problems remain to be resolved by future research (French 2004) . These studies need to apply systematic approaches such as those adopted by field geology and mapping. However, it has been recently pointed out that comprehensive approaches are still lacking (King & Petruny 2003a; French 2004; Grieve & Therriault 2004) . Some papers applying standard geological methods to the investigation and mapping of impact structures, based on studies of large impact structures such as Popigai, Puchezh-Katunki, Kara and some others, were published in Russian (Masaitis 1983; Masaitis et al. 1980 , and references therein). In the course of these studies various landforms and local structural and lithological features were investigated in relation to factors controlling the distribution of economic minerals in impact craters. As shown by Grieve and Masaitis (1994) , some impact-related features may represent traps or favourable zones for localisation of hydrocarbons and ore minerals. Comparisons of various physiographic, structural, and lithological features of terrestrial impact craters demonstrate the necessity of a systematic approach. The principle aim of this paper is to attract attention to this problem and discuss the use and regulation of terms related to impact structures and impact lithologies.
IMPACT GEOLOGICAL PROCESSES
The geological role of impact processes goes beyond cratering. Etymologically, the term 'impact cratering' refers only to formation of a crater by impact, i.e. the production of a circular depression surrounded by a rim (Figures 2, 3 ), or several rims in the case of large multi-ring impact structures. In the broad sense, impact cratering also embraces significant structural changes and a wide spectrum of rock-forming processes. The idea that impact events produce major geological effects that go far beyond the production of craters has recently been emphasised by French (2004) . The term 'coptogenesis' was introduced about two decades ago to collectively designate all these processes: changes in topography, disturbance of preexisting geological structure at the impact site, rock transformation, and formation of new lithologies (Masaitis 1984) . The term coptogenesis is derived from the Greek words wopto to destroy by shock, and genesis formation. The concept of coptogenesis, in general, is similar, for example, to concepts of magmatism and/or sedimentation, both fundamental terrestrial processes that are responsible for the formation of specific topographic and structural features, and the formation of magmatic, sedimentary and metamorphic rock suites. Coptogenesis occurs during individual impacts as short-term events, but is also a collective term that can be applied to the countless impacts that have occurred during billions of years of planetary history. A study of planetary surfaces has shown that the rate of influx of small cosmic bodies during the early stage of their formation was orders of magnitude higher than observed at present (Taylor 1992; Ryder 1990) . Undoubtedly, such bombardment had a strong influence on the evolution of the Earth, including the origin of the early crust and primordial continents (Grieve 1980; Glikson 2001) . Various assumptions were made regarding the consequences of impacts on the early Earth's crust, but the geological evidence is largely incomplete in most cases. The main records of early impact events are contained in distal ejecta layers of Archaean and Proterozoic age (ca 3.5 -2.5 Ga) (Glikson et al. 2004; Simonson et al. 1999; Simonson & Glass 2004; Hassler & Simonson 2001; Lowe et al. 2003) . Nevertheless, the study of large Proterozoic and Phanerozoic impact craters allows a reconstruction of several important features and possible geological and other consequences of these ancient impacts (Mashchak 1990; Anderson et al. 1994; Stö ffler et al. 1994; Tsikalas et al. 2002; Poag et al. 1999; Morgan & Warner 1999; Masaitis et al. 1999; Masaitis & Pevzner 1999; Gibson & Reimold 2001; Pirajno et al. 2003) .
A large single impact is characterised by an enormous energy output, which may exceed the annual conductive heat outflow of the Earth, or the annual influx of energy to its surface. Such impacts on the outer shell of a planet could produce effects and products that may be regarded as short-term disturbances to the gaseous and liquid shells of a planet, and prolonged disturbances of solid outer shells. The shape of the latter, its dimensions, and interior structure depend on the energy of impact. The traces of such impacts, especially large ones, remain preserved for hundreds of millions to billions of years on nonatmospheric planets, which lack significant tectonism, weathering and sedimentation.
The process of impact cratering that causes topographic, structural and lithological transformations is usually subdivided into three stages which follow one another very rapidly: (i) contact and compression stage; (ii) excavation stage; and (iii) modification stage (Melosh 1989) . Further, the latter two stages can be subdivided into an early modification stage and a late modification stage, since the geological processes of gravitational adjustment, viscous relaxation and doming, cooling, solidification, and compaction of the hot ejecta may continue for thousands of years or more. In general the final appearance of the impact site is a circular depression surrounded by a rim and filled with brecciated and melted target rocks that together with the fallout ejecta blanket overlie the strongly disturbed and shocked bedrock of the crater. Sometimes the apparent crater floor is buried under subsequently deposited sediments, such as a crater lake or local basin deposits, and the entire area may be overlain by widely distributed younger cover of significant thickness. Consequently four structurallithological complexes may be distinguished in deeply buried terrestrial impact structures: (i) the bedrock complex that experienced impact disturbances and transformations; (ii) the crater-fill complex (coptogenic) composed of impact breccias and impactites; (iii) the crater-lake complex; and (iv) the overlapping complex . Every complex has its own structural features and internal geometry of component geological bodies, as well as specific lithologies. This subdivision may be useful for the adequate identification, correlation and mapping of certain geologic bodies composed of rock units of various origins in impact craters, for the compilation of geological and structural maps, profiles, interpretation of seismic and other geophysical observations, and for data obtained by drilling.
TOPOGRAPHIC FEATURES
It is very well known that on the Earth's surface the initial impact crater morphological feature degrades very rapidly due to subsequent erosion, denudation, sedimentation, tectonic events, etc. Only relatively young impact craters preserve their original shape including remnants of fallout ejecta, e.g. Meteor or Barringer (Figure 2 ) (Shoemaker 1963; Roddy 1977b ), Henbury (Taylor 1967 and Kaalijarv (Aaloe 1978) craters. Some larger Cenozoic craters preserve remnants of principal topographic features, including an inner crater depression, some relics of the topographic rim and of the ejecta blanket, e.g. Ries (Hö rz et al. 1977; Pohl et al. 1977) , Zhamanshin (Boiko et al. 1991) , Popigai (Masaitis et al. , 1998 and Boltysh (Gurov et al. 2003; Valter & Plotnikova 2003) . Most terrestrial impact craters, especially those of Mesozoic, Palaeozoic, and late Precambrian age have lost their initial coptogenic landforms completely and are usually referred to as impact structures (Grieve & Therriault 2004) . In the case of superposition of erosion, the resulting relief may be considered as structural -denudation features, more or less reflecting the inner structural elements of the crater interior.
Despite some degradation of impact craters on the surfaces of most other planets over geological time, cratered planetary surfaces allow observation of many perfect examples of impact craters. Thus the pristine topography of impact craters of various sizes can be studied in detail. Differences between the shapes and relative altitude of coptogenic relief of craters of the same size on different planets strongly depend on the local gravitational acceleration, as well as properties of the target. The topography of fresh impact craters on the Moon, Mars, Mercury, Venus, on satellites of giant planets, and on asteroids, has been very well explored using remotely sensed images and has been described in numerous reports (Basilevsky et al. 1983; Wilhelms 1987; Melosh 1989; Strom et al. 1992; Herrick et al. 1997; Chapman 2002) . Such studies have shown that the landforms of extraterrestrial impact craters are similar in many aspects to those of relatively fresh terrestrial analogues.
Data from impact craters on other cosmic bodies show that their size and shape may vary from microcraters on particles of glass in lunar regolith, up to giant multi-ring impact basins on the surfaces of some planets and their satellites (Melosh 1989) . The topography of craters changes in a regular fashion to become more complex as size increases. Relatively small craters on all planets and asteroids are bowl-shaped and flat-floored, being referred to as simple craters (Figure 4 ). On the Earth the diameter of such craters does not exceed 2 -4 km. Larger terrestrial craters possess central peaks or peak rings and are referred to as complex craters (Dence et al. 1977; Dence 2002) . The difference between these types was originally based on the topography of eroded impact structures (Dence 1968) . Such geological studies showed that the difference between simple and complex craters lies in the morphology of their true bottom. The structural uplift of the crater bottom is not always expressed as topographic relief. The central peak may be buried under crater-fill breccias, such that the complex inner structure of the crater can only be established by drilling or geophysical data. The presence of such buried central peaks, completely or almost completely covered by crater-fill breccia, was established for Zhamanshin, Bigach, Kursk, and Logoisk impact craters Boiko et al. 1991; Glazovskaya et al. 1991; Masaitis 1999) . This shows that the distinction between pristine landforms and structural features (some of the latter being developed due to selective erosion) should be taken into account, and different terms applied to them accordingly.
Complex terrestrial craters with diameters of some tens of kilometres, e.g. Manicouagan, Clearwater West, Shoemaker, Ries, Manson, Puchezh-Katunki, Kara, Popigai, are characterised by central or annular structural uplifts. It is assumed that these uplifts originally corresponded with pristine landforms, e.g. central and/ or ring peaks. There are restricted data regarding the pristine landforms of the largest known terrestrial craters with diameters in the range 150 -250 km, which are now deeply eroded (Vredefort, Sudbury), or buried (Chicxulub). In some respects these resemble the structure of multi-ring basins on other planets, but their identity as the latter, especially in terms of pristine topography, cannot yet be proven (French 1998) .
The ratios of some crater morphometric elements (diameter, depth, rim and central peak heights, etc.) show regular changes with increasing crater diameter (Basilevsky et al. 1983; Pike 1985; Melosh 1989; Grieve & Therriault 2004) . These ratios also depend on gravitational acceleration, which varies between planets (Pike 1977 (Pike , 1985 Melosh 1989; Strom et al. 1992; Herrick et al. 1997) . Moreover, the obliqueness of the projectile trajectory (especially when at a low angle) may strongly influence crater relief, for example the asymmetry of the depression and of the crater rim, and distribution of the ejecta blanket (Melosh 1989; Herrick et al. 1997) .
Several genetic types of coptogenic relief may be distinguished within and around fresh or slightly eroded terrestrial craters, taking into account all the data regarding the physiography of impact craters on other cosmic bodies: (i) relief produced by excavation during the formation of the transient cavity; (ii) structural relief caused by coherent bedrock displacements during the excavation and modification stages of cratering; and (iii) accumulative relief produced by ejection and deposition of rock debris and impact melt. In most cases these genetic physiographic types may combine to result in complex topography. In general, combinations of certain landforms depend on the crater size, the geological setting of the impact site, on land or water, and on the properties of the target materialstrength, water saturation, etc.
The coptogenic topography of terrestrial impact craters has geomorphological meaning only for craters (or pits) with diameter larger then tens of metres. Crater landform groups spanning several orders of magnitude may be distinguished: macrorelief (2nd order, from hundreds to several kilometres across), mesorelief (3rd order, from several kilometres to hundreds of metres), and microrelief (4th order, from a few hundreds of metres to 10 -30 m and sometimes less). In other words, these landform groups may be regarded as large, medium, and small (Table 1) . In most cases the evaluation of primary altitude of landforms is complicated, but on Earth they will be much lower than for corresponding topographic features on planets with less gravity and lacking an atmosphere.
The main excavated topography of a terrestrial impact crater is a circular depression, which is partly filled with fall-back material, especially if the crater diameter exceeds 1 -2 km (Figure 4 ). In larger craters the depression may be surrounded by a terrace-like annular shelf zone (Melosh 1989) . Such a shelf surrounding a deeper inner depression (inner crater), and may be regarded as the 'outer shallow crater'. During excavation, additional morphological features may form. Shallow radial channels, which are excavated by outflow of impact debris, may form in the crater walls and on the shelf zone. Such partly buried excavational landforms were observed at the Puchezh-Katunki (Masaitis & Pevzner 1999) and Popigai (Masaitis et. al. 1999 ) Figure 4 Morphological and structural elements of simple impact crater. Dotted contours outline zones of disturbance and zone of plastic deformation.
craters. In marine settings, forceful resurge waves and inward currents produce shallow gullies in the crater shelf zone, e.g. in the Lockne (Ormö & Lindströ m 2000; von Dalwigk & Ormö 2001) and Kamensk (Movshovich & Milyavsky 1990; Masaitis 1999) craters, but they were formed before the modification stage of cratering. These gullies become filled with reworked fine-grained ejecta. In some cases the gullies may inherit the former radial channels or troughs on the crater edge.
Secondary pits and craters (secondaries) may also be considered as excavation relief features, but their existence on Earth has not been proven. The smallest excavational forms (or nanoforms), that have a similar mode of origin to secondary craters are the radial striations that are produced by large ejected blocks dragged across bedrock surfaces. Such features have been observed in the vicinity of the Ries crater (Chao et al. 1978) .
In simple terrestrial craters structural relief above the pre-impact land surface is represented by an outer asymmetric rim composed of uplifted and disturbed bedrock (e.g around Meteor crater: Shoemaker 1963; Roddy 1977b). Its inner slope is usually steep, while the outer is gentle. Pristine complex craters sometimes show relics of a similar uplifted structural rim, comprised of overthrusted or overturned blocks. Such relics are observed in the northern sector of Popigai crater, some of which represent deep-seated beds which were uplifted and emplaced over younger sediments (Masaitis et al. 1998 .
Reconstructions of the original shape of complex craters, especially large ones, show that they originally had surface relief expression of certain structural components: a central peak, peak ring (annular inner rim), and annular depression. These assumed landforms are present in the relatively well-preserved Boltysh Other medium-and small-scale structural landforms are represented by slump terraces on the crater wall; they can produce a broad terrace zone with several terrace-like slices. Such buried underground terraces have been revealed by drilling in the Kaluga impact structure ( Figure 5 ) (Masaitis 2002) . Linear trenches may occur over radial and concentric fissures that arise due to doming of the crater floor. These forms may be reconstructed based on the presence of thick clastic dykes in the suevite sequence of the Kara crater (Mashchak 1990) .
The former presence of some additional elements of structural relief in eroded terrestrial craters may be assumed based on observations from the Moon and other planets (Basilevsky et al. 1983; Wilhelms 1987; Melosh 1989 ). The peak ring of some large craters may initially consist of irregularly distributed hills. Sometimes ring escarpments are also characteristic of such craters, and it can be inferred that such landforms existed outward of the outer rim of some large terrestrial craters. Radial and concentric trenches on the floor of some lunar craters that are covered with impact melt probably were caused by shrinkage of the melt sheet. Similar local forms, filled with debris, may be produced by the dome-like uplifting of the crater floor.
The principal accumulative coptogenic landform of impact craters is a circular flat floor formed above fallback ejected material (Figure 4) . In relatively fresh terrestrial craters of Cenozoic age this flat plain may be partially preserved (initial apparent crater bottom), especially beneath crater-lake deposits if these are deposited immediately after, or only a short time after, the impact event. An annular plain located between the peak ring and the outer rim also existed in some There are no good examples of preserved accumulative landforms of fallout ejecta in the vicinity (1 -2 radii) of the terrestrial craters. All known relics of such deposits are strongly modified by erosion, e.g. Meteor, Zhamanshin, Boltysh, Ries, Popigai. In some cases the remnants of the fallout ejecta blanket partially preserve its original form. Such partially eroded ejecta blankets comprised of allogenic breccia form hummocky terrains that in places surround Zhamanshin ( Figure 6 ) and Popigai craters (Boiko et al. 1991; Masaitis et al. 1998) . Small accumulative landforms may be created by resurge currents in the radial valleys, as well as by centripetal debris streams sliding towards the centre of small simple craters. In the last case a low central mound may arise (Melosh 1989 ).
Contrary to the situation on Earth, numerous accumulative forms of proximal ejecta blankets are preserved around impact craters on the Moon, Mars, Mercury and Venus. For instance, there are rampart craters with ejecta lobes, dune-like proximal ejecta, craters with radial rays or radial grooves and ridges, knobby and hummocky terrains and herringbone patterns (Basilevsky et al. 1983; Wilhelms 1987; Melosh 1989; Strom et al. 1992; Herrick et al. 1997) . Some of these features are the result of the joint action of secondary excavation and accumulation of ejected and displaced loose superficial material caused by ballistic sedimentation. All of these landforms are assumed to be composed mostly of solid ejecta, while the lineated and smooth ponds inside the small hollows on the slopes of large crater rims on the Moon, and lineated flows around some Venusian craters, may have formed as the result of ejection and cooling of impact melt (Alexopulos & McKinnon 1994; Herrick et al. 1997) . It is quite possible that in their pristine state, accumulative relief patterns around terrestrial impact craters were similar to some accumulative landforms observed on the surfaces of other planets. For example, some relics of isolated small sheets of consolidated impact melt found close to the rim Figure 5 Geological sketch section of the buried southern rim of the Kaluga impact structure, Russia (54830'N, 36812'E). The inner structure of the rim shows that it was formed in several stages: (i) uplift and centrifugal displacement of target rocks; (ii) deposition of allogenic breccia and suevite; (iii) slumping; and (iv) erosion by resurge wave; which (v) deposited resurgent breccia. The overlying beds (marked D 2 to C 1 ) are composed of carbonate and siliciclastic deposits. crest of Popigai crater (Masaitis et al. 1998 ) may have initially represented such accumulative forms.
Distal ejecta from impact craters on the Earth probably produced some Earth-specific topography, especially in cases where very large craters were formed in a marine setting. The best example are remnants of distal ejecta from Chicxulub crater (Pope et al. 1999; King & Petruny 2003b) combined with the extended cover formed by tsunami waves and submarine avalanches caused by the impact. It is possible that several unique accumulative landforms (debris-flow lobes) may be produced by impact onto the coastal plain or adjacent shelf.
In most cases all topographic elements of fresh terrestrial impact craters (Figure 7) are formed by the combined action of excavation, structural disturbance and accumulation of ejected material. On the Earth, erosion, sedimentation and tectonism strongly modify pristine coptogenic relief, producing various combinations of genetic types of relief, e.g. structural -erosional, accumulative -erosional, and some others (Plotnikova 1990) , which include impact-induced components and components produced by ordinary geological processes (erosion, sedimentation, etc.).
STRUCTURAL FEATURES
Various structural features within and surrounding impact craters form during penetration of the projectile, and the excavation and modification stages, including ejecta accumulation and its cooling and compaction. Some of structural features may be studied using methods of structural geology, whereas others require sedimentological and structural/petrological studies. Only some structural features directly coincide with the topographic elements, and it is necessary to properly distinguish them. One of the first attempts at a comparison between the structural and morphological features of simple and complex craters was undertaken nearly three decades ago (Roddy 1977a), but only few examples were used.
The main structural features that are revealed within and around terrestrial impact craters are summarised in Table 2 . These features are subdivided according to their relative dimensions, although their size depends on the corresponding impact crater. By convention, large impact structures measure from several tens to kilometres across, medium structures from some kilometres to hundreds of metres or less, and small structures from hundreds of metres to one or two metres. The crater-related structural features and internal structures of the composing geological bodies are situated in disturbed bedrocks within and outside of the crater, and in fallback and fallout ejecta. Various impact-induced structural elements may be subdivided according to the dynamic processes which created them, such as outward, inward, and upward displacements. These are accompanied by the processes of compression, extension, shearing, deposition, cooling, etc., which are superimposed on target materials initially having different strengths, layering characteristics, etc. There are further complications because many structural elements arise due to the combined action of different kinds of strain and motion.
The principal structural feature of the target rocks is the hemispherical zone of disturbance and transformation caused by the propagation of shock and rarefaction waves from the point of projectile penetration and ultimate arrest (Dence 1968; Robertson 1975) . Close to the original surface, the propagation of these waves and the resulting disturbance is more complex, causing spallation of near-surface layers. At deeper levels, the shock waves and resultant transformations attenuate radially outwards and downwards, forming roughly concentric zones. Transient zones of disruption, melting and evaporation flow outwards and are removed from the crater. Only graded parautochthonous zones of moderate and weak plastic deformation and fracturing that form the true bottom and walls of the final crater may remain (Melosh 1989) . The bedrock structure of the final crater results from the outward motion during growth of the transient crater, and the following inward and upward motion of its bottom due to its collapse. These displacements deform the primary shock-metamorphic zonation, especially in the central part of large complex craters. This primary zonation may be complicated due to post-impact thermal annealing and recrystallisation, thus the secondary zonation pattern may occur (Gibson & Reimold 2001) . Evidence of the distribution of structural elements in simple craters has been collected in the course of detailed study and mapping (Roddy 1977b) . The structure of the parautochthonous and autochthonous bedrock of simple bowl-shaped craters is characterised by a graded zone of deformation and shock transformation. Various small folds, faults, thrusts, overthrusts and underthrusts are present (Figure 8 ). The uplifted structural rim is usually characterised by an overturned flap, and the crater walls are complicated by slump terraces produced by subsidence along listric faults (Figure 4 ).
Large and medium inner morphostructural features of a complex crater include a central or ring uplift of the true crater bottom, or both, sometimes accompanied by annular subsidence in between (Figure 9 ). Usually the outer ring uplift forms the structural rim; its remnants have been observed around the Ries (Hö rz et al. 1977) and Popigai (Masaitis et al. 1998) craters. Annular subsidence has been revealed by seismic study in the case of Chesapeake Bay crater (Poag et al. 1999) and by drilling in the case of Popigai crater . It is assumed that ring uplifts in large craters arise due to the hydrodynamic collapse of the unstable central uplift or central peak (Alexopulos & McKinnon 1994) . Geological and petrographic observations in the ring uplift of the Popigai crater show that the composing rocks experienced shock pressures of 5 10 GPa (Masaitis et al. 1998). This in turn shows that they could not have been displaced due to collapse of the crater centre, where the shock compression reached up to 30 GPa and more. Nevertheless, the internal structure of the central uplift is very complicated. Due to inward and upward motion of the target rocks, accompanied by compression and accretion, the uplift displays a system of intricate small folds, faults and thrusts reflecting mostly the last phase of centripetal motion. Block displacements, shear zones, numerous radial and concentric fissures filled with brecciated and melted material, form the clastic and melt dykes present in the crystalline central uplifts of some craters, e.g. Puchezh-Katunki (Masaitis & Pevzner 1999) and Charlevoix (Rondot 1995) craters. In cases where the target rocks are horizontally layered, it is sometimes possible to reconstruct the altitude of structural uplift, although the core is characterised by thickening of these layers; examples include the Sierra Madera (Wilshire et al. 1972) and Gosses Bluff (Milton et al. 1996) craters. As has been shown by geological studies, variations in composition and structure of the target rocks, especially the thickness of the upper sedimentary layer relative to underlying crystalline rocks, leads to significant variations in the shape of the surface of the true crater bottom (Abels 2003). A unique subsurface shape of the true crater bottom occurs in some large craters formed in such two-layered targets. This is a combination of a shallow external crater, excavated in the upper layer (sometimes called the outer flat terrace or shelf zone) and a deeper internal crater with a central uplift, excavated in the crystalline basement (Figure 10 ). The slope discontinuity between these craters may be slightly uplifted and sometimes regarded as an inner rim. Moreover, this shelf zone may display numerous outward thrusts ( Figure 11 ) and radial faults. In contrast, in the annular subsidence or ring trough, close to the outer slope, landslide wedges, listric faults and basal detachments occur. In this trough, some specific features were revealed recently that formed due to the radial inward displacement of rock masses and the subsequent reduction of space (Kenkmann & von Dalwigk 2000) . The latter produces radial folding, lateral trust ramps, socalled positive flower-structures, and chaotically brecciated ridges, all of which are united under the term 'radial transpression ridges' or 'radial transpression zones' and have been studied in detail at the Siljan impact structure (Kenkmann & von Dalwigk 2000) . Similar radial and strongly deformed sharp ridges, probably of the same origin, have been described at the edge of the Kara crater (Mashchak 1990) .
Bedrock undergoing plastic deformation outside the impact crater may be locally folded, and show concentric anticlines and synclines (Figure 8 ), as well as radial and arcuate fissures. Well-known shatter cones (Dietz 1959) , which are diagnostic feature of shocked rock, may be regarded as one of the smallest macroscopic structural forms caused by shock compression. Shatter cones in bedrock are usually tilted. Determining their original position and orientation in the parautochthonous layered rocks allows a reconstruct of the original point of impact of the projectile, because the apices of the shatter cones were originally oriented toward this point.
The ejected material that fills the final crater (especially that filling large craters) and is also deposited outside it, displays a type of pseudo-stratification formed by intercalation of flat-laying lens-like and sheet-like bodies of lithic impact breccias and impactites. In turn, the shape of these bodies and the internal structure of the latter, create additional structural patterns, most of them characterised by a combination of radial and concentric ones. The pseudo-stratification of crater-fill deposits may be very complicated, but, in general, coarse allogenic lithic breccias (or megabreccias) comprise the lowermost portion of the ejecta sequence (especially outside the crater depression). Lenses and sheets of tagamite and suevite of various composition and structure occupy the middle portion of the sequence, while the uppermost portion is composed of fine-grained lithic breccia with an admixture of melted material. Rewashed beds may be found on the top as well. The sequence of crater-fill lithologies, and locally proximal ejecta, as described above, has been observed at the Ries (Pohl et al. 1977; Hö rz et al. 1977; Chao et al. 1978) , Popigai , and Puchezh-Katunki (Masaitis & Pevzner 1999) In some craters, isolated bodies of breccias and impactites in the crater-fill succession sometime possess individual internal structural features caused by the processes of transportation and accumulation of ejected material in different facies settings, or by subsequent cooling and crystallisation. These structural features in lithic breccias and suevites include clusters or bed-like distributions of large blocks and fragments, including clast-supported zones, obscure bedding and cross-bedding, or types of fluidal structures (Hö rz et al. 1977; Mashchak 1990; Masaitis 2003) . The coherent bodies of consolidated impact melt may be characterised by a relatively regular bed-like distribution of captured lithic fragments and clasts, by fluidal structure, and by crystal size, which is coarser in the central part of these bodies. Very thick melt bodies, such as at Sudbury, show layering caused by slow cooling and crystal differentiation Dressler & Reimold 2001) . Unique internal structures have been observed in the fallout suevites of the Ries crater. These are so-called vertical gas channels (Chao et al. 1978; Newsom et al. 1986) , caused by vapour escaping from the underlying water-saturated sediments, and resemble pipe vesicles in volcanic lava flows. In addition, metasomatic zones may be formed in the brecciated bedrock and crater-fill deposits as a result of post-impact hydrothermal activity (Naumov 2002; Ames et al. 2004) .
Post-impact movements produced by deep-seated tectonic adjustment and compaction of breccias in large craters may produce additional structural forms, such as block-subsidence faults, open fissures, etc. Such structural changes may affect the bedrocks as well as the crater fill.
LITHOLOGICAL FEATURES
The landforms and structural elements described above are composed of various coptogenic lithologies that were formed contemporaneously, and are now found both inside and outside the impact crater. These lithologies have different environments of formation as reflected in their composition, fabric and inner structure. A very important inherent characteristic is evidence of shock compression and decompression known as shock metamorphism, as described in numerous works (Stö ffler & Langenhorst 1994; Deutsch & Langenhorst 1998; French 1998) . At mineral-scale these effects include the formation of crystal defects (dislocations, planar fractures and planar-deformation features, mechanical twins, kink bands, mosaizism), transformation to high-pressure polymorphs and diaplectic glass, thermal decomposition and shock melting. The shock effects depend on the degree of compression and on the mineral species, and are unknown in rocks and minerals formed by nonimpact terrestrial geological processes.
Shock effects have been intensively explored during the last few decades and are used as diagnostic criteria in identifying impact structures and for the calibration of shock compression of certain minerals and rocks. Less attention has been paid to the systematisation of impact lithologies as geological materials, including the development of a unified classification and nomenclature scheme that may be suitable for different impact craters, large and small, that are superimposed on a variety of geological target environments. Two closely connected approaches may be used in the exploration of impact-generated and impact-related (coptogenic) lithologies: (i) an analysis of rock facies; and (ii) identification of the petrographic rock species and groups.
The concept of facies involves the idea of linking lithological or petrographic features of certain rocks or rock associations to the geological setting of their formation (Bates & Jackson 1987). Some suggestions on the analysis of the rock facies in crater fills were introduced by Masaitis (1983) . The whole impact-gener- ated rock assemblage represents a group, or family, of facies, i.e. a simultaneous continuum of facies formed during a single impact event. Contrary to sedimentary and most volcanic facies, the superposition of coptogenic crater-fill facies in most cases do not reflect on any temporal succession, and do not reflect the duration of the process of formation in a common geological sense. In some aspects, the geological body composed of certain coptogenic rock facies may be attributed to the lithodemic unit (King & Petruny 2003a) .
Three groups of facies settings may be distinguished: (i) initial facies of transformation; (ii) transient facies of transportation; and (iii) final depositional and settling facies. The observed impact, or coptogenic, rocks may be attributed to the latter, but rock-forming processes that created them have started in the previous facies setting (Table 3 ). The transformation facies in the autochthonous (and partially parautochthonous) rocks of the crater bottom may be compared in general with the facies of graded (zonal) metamorphism in some geological regions. On the other hand, similarly to volcanic facies, the coptogenic allochthonous facies is the result of a change in transport mechanism and depositional mechanism. Both autochthonous and allochthonous facies change with increasing distance from the point of impact, and it leads to their lateral variations.
The impact facies settings, during different stages of cratering, have had distinct locations relative to the target ground surface at different moments of crater formation: (i) in the bedrocks at significant and moderate depths below the true crater floor; (ii) directly under this crater floor; and (iii) at various heights above the crater floor. There is a high gradient of continuous variations of communal entropy, enthalpies, transport velocity, etc., and the non-equilibrium nature of rocktransforming and rock-forming processes are typical for these dynamic facial settings.
Facies of transformation occur along with attenuating shock and the propagation of rarefaction waves from the point of impact. A graded series of transient vapour and melt facies, debris facies, and shocked and fractured rock facies arise Melosh 1989; Deutsch & Langenhorst 1994; French 1998) . Only the latter, that formed under relatively low shock pressures ( 5 30 -40 GPa) may remain within the true crater bottom (autochthonous and parautochthonous facies of shock-metamorphosed cataclased, brecciated and fissured rocks). Most of the rocks transformed during shock compression and release are subjected to immediate displacements, mixing and ejection.
A broad spectrum of transportation facies occur: each is distinct in temperature, pressure, velocity, trajectory, clast to melt ratio, gas saturation, viscosity, etc. They form several final outflow products (depositional facies), comprised of various lithic breccias and impactites (Figure 13 ), that arise from jets, various liquid melt and gas-saturated flows, debris flows and debris curtains, dust and scorching clouds, surges, and plastic flowage of crushed rock debris. Some of these coptogenic depositional facies resemble certain volcanic facies (Fisher & Schminke 1984; Easton & Jones 1986) , but have been formed in distinct dynamic and other conditions, including velocity, temperature, etc. Various depositional suevite facies were revealed recently Figure 14) and fragments, as well as avalanches and injections of fragmented material mixed with melt, may be considered as subsurface settling facies resulting from transportation and displacement. In addition, various settling facies may form during cooling, lithification and crystallisation of brecciated and melted materials at the final stage of the crater-forming process. These settings produce several newly formed accessory rocks that can be distinguished in the crater fill and basement, beside coptogenic rocks proper (i.e. formed by shock compression and ejection). These small groups of related rocks are caused by shearing and friction melting (mylonite, and probably so called pseudotachylite), due to pyrometamorphism and additional selective melting and crystallisation (buchite or diatektite, occasionally granophyre), and subsequent blastesis (coptoblastolithes). For instance, some of those rocks were described in Charlevoix (Rondot 1995), PuchezhKatunki (Masaitis & Pevzner 1999) and Vredefort (Gibson & Reimold 2000) impact structures.
The resultant depositional and settling facies are composed of rocks that may be attributed to three main petrographic groups (Figure 15 ), similar to that proposed by the IUGS study group on impactites (Stö ffler & Grieve 1994) . In this context, the impact (or coptogenic) rock type may be considered as equivalent to the type of sedimentary, magmatic and metamorphic rocks. Coptogenic rock types originate, as shown above, from: (i) shock metamorphism, disruption and partial displacement of the target rocks, and occasionally some initial melting, though the primary textures of the precursor rocks may be still discernible; (ii) lithification of deposited mineral and lithic fragments (unshocked and shocked), sometimes with an admixture of a small amount of impact glass ( 5 10 vol%); and (iii) cooling, crystallisation and lithification of an ejected coherent impact melt mass and dispersed melt particles and bombs, usually deposited together with mineral and lithic clasts (10 -90 vol% of impact glass). The corresponding main groups of impact (or coptogenic) rocks are shocked target rocks, impact lithic breccias, and impactites (Figures 15, 16 ). In Figure 16 , the upper two lines display the main classification units of the two subtypes of coptogenic rocks. Shock-metamorphic rocks are distinctly different from shock-metamorphosed ones by total loss of pre-existing structure and sometimes compositions that lead to the formation of new rocks, with their own distinct features, i.e. structure, texture, composition, etc. The lower three lines of the figure represent the diagnostic petrographic features of corresponding groups and subgroups. Their distinctions are based on the composition and aggregate state of the constituents and their quantitative ratios.
The term impactite is applied to that rock subgroup consisting completely, or to a significant extent (conventionally 4 10% vol.), of chilled or crystallised silicate impact melt, with (or without) various amounts of lithic and mineral clasts Masaitis 2003) . This restricted use of the term is in keeping with its original meaning (Murawsky 1977; Raikhlin et al. 1980; Bates & Jackson 1987; Chao & Xiande 1990) . Two main species of impactites may be distinguished, the tagamite composed of massive chilled or crystallised impact melt (Figures 17, 18) , and suevite, made of lithic, mineral and glass fragments (Figures 19, 20) . Further subdivision can be based on such petrographic and lithological criteria as fabric, crystallinity of groundmass, ratio of lithic and mineral clasts to glass particles, grainsize (Figure 21 ), shape and composition of fragments, type of cementa- tion, etc. A term protoimpactite is proposed for strongly shocked rocks that preserve their initial texture, but are composed mainly of chilled or recrystallised monomineralic shock melts, diaplectic glasses and relics of pristine minerals (Figure 16 ). The existence of carbonate melt rock (carbonate impactite) is assumed, but requires additional proofs (Stö ffler et al. 2004 ), accordingly their nomenclature should be regulated henceforth.
Uniform and internationally accepted systematic petrology, subdivision, and terms for the main impact lithologies do not as yet exist. The approaches presented above are based on the general principles adopted for the classification and nomenclature of igneous and metamorphic rocks, including brecciated varieties (Laznicka 1988; Le Maitre 1989) , allowing one to compile discriminating tables to distinguish the rock species. Proper names, rather than descriptive terms, should be preferable used to identify rock species, as is commonly accepted in the petrographic study of igneous rocks. The comparison of classification and nomenclature used in this work with some previous proposals is shown in the , crystallo -vitroclastic; 3, crystallo -vitro -lithoclastic; 4, litho -vitroclastic; 5, vitro -crystalloclastic; 6, litho -crystallo -vitroclastic; 7, crystallo -vitro -lithoclastic; 8, vitro -lithoclastic. In addition to the proximal allochthonous coptogenic rock species, distal ones can also be distinguished. These are represented by tektite-and microtektite-bearing sediments, by layers that bear impact glass spherules, by tsunamites and slumping breccias with admixtures of such spherules and shocked clasts, and some other sedimentary facies (Warme & Kuehner 1998; Pope et al. 1999; Montanari & Koeberl 2000; Hassler & Simonson 2001; King & Petruny 2003b) . These rocks are formed only by very large impacts and are mostly found in basin settings. Taking into account their lithologic features, a sedimentological approach to subdivision is required.
CONCLUSIONS
Traces of impact events on the Earth's surface are characterised by broad dimensional range, from lattice deformation in individual crystals to giant circular areas of disturbed, transformed and displaced rocks measuring some tens or hundreds of kilometres across. Macroscopically, these traces are manifested in numerous physiographic, structural and lithological features, but only a restricted number of these may be regarded as sufficiently diagnostic criteria for establishing the existence of a terrestrial impact structure or astrobleme. All of these features arise during a broad spectrum of impact-specific processes that are reliefforming, structure-forming and rock-forming. Not all of these processes are well understood, especially considering the relatively short period that they have been studied, beginning only in the last decades of the twentieth century, as compared to the long duration of investigations in some other fields of geology. New field research using precise methods of rock and mineral study, new data from deep drilling and geophysical observations, as well as new space missions, allow us to compare terrestrial and extraterrestrial impact craters and provide an understanding of the essence and peculiarities of the geological process of impact interactions of solid cosmic bodies in the Solar System, i.e. coptogenesis.
Although the concept of impact interaction between cosmic bodies and its geological role is now accepted by the geological community, not all of the wide arsenal of approaches and methods of the geological sciences, especially of geomorphology, structural geology, lithology and petrography is involved in the study of terrestrial impact structures. The unification and systematisation of all their topographic, structural and lithological elements can provide for more precise correlation and help with compiling maps and crosssections mirroring various features of impact structures. There is a definite need for this new approach, not only to investigate new and recently discovered impact sites, but also to extend the knowledge of those already identified. Some much wider problems concerning fundamental processes of cratering, global geological evolution, mass extinction, estimation of economic mineral potential of certain impact structures and associated geological regions, and many other problems stand in need of a deepening and widening of the scope of approaches. There are many examples showing that a disregard for analysis of structural position and the interrelationships and correlation of the components of impact craters, including those observed in isolated drillholes in large craters, leads to erroneous interpretations of their inner structure and of rock-forming petrological and lithological processes. Problems likewise arise from the non-systematic usage of terms relating to the physiographic and structural features of impact structures. As a multidisciplinary field, impact geology evolves into the mainstream of the earth sciences (French 2004). a 1 -3 rock groups. Preferably proper root names are used for rock species (in part combined with qualifiers), based on the presence and content of certain mineral (or glassy) components, and on the texture of the rock.
